Neutrophils play a vital role in the immune defense, which is evident by the severity of neutropenia causing life-threatening infections. Granulocyte macrophage-colony stimulating factor (GM-CSF) controls homeostatic and emergency development of granulocytes. However, little is known about the contribution of the downstream mediating transcription factors Signal Transducer and Activator of Transcription 5A and 5B (STAT5A/B). To elucidate the function of this pathway, we generated mice with complete deletion of both Stat5a/b genes in hematopoietic cells. In homeostasis, peripheral neutrophils were markedly decreased in these animals. Moreover, during emergency situations, such as myelosuppression, Stat5a/b-mutant mice failed to produce enhanced levels of neutrophils and were unable to respond to GM-CSF. Both, the GM-CSF-permitted survival of mature neutrophils, and the generation of granulocytes from granulocyte-macrophage progenitors (GMPs) were markedly reduced in Stat5a/b-mutants. GMPs showed impaired colony-formation ability with reduced number and size of colonies upon GM-CSF stimulation. Moreover, continuous cell fate analyses by time-lapse microscopy and single cell tracking revealed that Stat5a/b-null GMPs showed both delayed cell cycle progression and increased cell death. Finally, transcriptome analysis indicated that STAT5A/B direct GM-CSF signaling through the regulation of proliferation and survival genes.
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Introduction
Neutrophils are the most abundant type of white blood cells in human peripheral blood and an integral part of the immune system. The essential role of neutrophils in infection is demonstrated by the severity of congenital, acquired and therapy-induced neutropenia, which cause life-threatening infections.
Granulocyte-colony stimulating factor (G-CSF) and granulocyte macrophage-colony stimulating factor (GM-CSF) largely control the biology of neutrophils 1, 2 . GM-CSF, secreted by fibroblasts, endothelial cells, monocytes/macrophages and activated T cells, regulates granulopoiesis and neutrophil mobilization to peripheral blood. The GM-CSF receptor is present on almost all types of myeloid progenitors and on mature monocytes, neutrophils, eosinophils, basophils, and dendritic cells. It consists of a ligand-specific subunit (GM-CSFRα) and the common beta subunit (βc) 1 , which is shared with the interleukin (IL)-3 and IL-5 receptors. GM-CSF is known to activate at least three signaling venues: the Janus Kinase (Jak) 2 / Signal Transducer and Activator of Transcription (STAT) pathway 3 , the ras / Mitogen-Activated Protein kinase (MAP kinase) pathway 4 , and the phosphoinositide-3-kinase (PI 3-kinase) pathway 5 .
While G-CSF can activate three members of the STAT family (STATs 1, 3 and 5) with highest activation of STAT3, GM-CSF preferentially activates STAT5A and STAT5B (referred to as STAT5A/B throughout the text) 3, 6 . STAT5A/B are transcription factors encoded by two juxtaposed genes 7, 8 that respond to diverse cytokines, including growth hormone, erythropoietin, interleukins, prolactin (PRL) and ligands of the epidermal growth factor (EGF) family. STAT5A/B are key regulators in the development and function of various blood lineages, including regulatory T helper cells 9, 10 , erythroid precursors 11 and stem cells 12 . STAT3 is also activated by an array of cytokines, interferons and growth factors 13, 14 . Its role in granulopoiesis is ambivalent. On the one hand it is a negative regulator of basal granulopoiesis and mice lacking STAT3 in bone marrow progenitors display marked peripheral neutrophilia, similar and paradoxically, to mice lacking SOCS3 under resting conditions 15, 16 . SOCS3-mutant bone marrow cells and neutrophils show enhanced and prolonged STAT3 phosphorylation and unusual high activation of the For personal use only. on October 3, 2017 . by guest www.bloodjournal.org From MAPK pathway upon G-CSF stimulation 15, 17 . On the other hand, STAT3 has been shown to be critical for G-CSF-mediated proliferation and mobilization of the granulocytic lineage 16, 18 . STAT1 does not appear to contribute substantially to the granulocyte lineage 19 . A limited number of studies have addressed the role of STAT5A/B in granulopoiesis 3, [20] [21] [22] [23] .
Although these studies intended to analyze granulopoiesis in the absence of STAT5A/B, they had been performed with mice that were later shown to not be STAT5A/B deficient, but express an N-terminally truncated hypomorphic STAT5A/B (Stat5
with remaining biological activity 24 . The conclusions of these studies therefore need to be viewed with caution and do not allow reliable conclusions without confirmation by further analysis of mouse lines with reliable full deletion of STAT5A/B activity in hematopoietic cells.
Strong activation of STAT5A/B has been observed in 30% of patients with acute myelogenous leukemia (AML), which is characterized by Flt3 mutations (internal tandem duplications; ITDs) 25 . Since the majority of AML cells are from the granulocyte lineage, we hypothesized that STAT5A/B contribute to the proliferation, differentiation and / or survival of the granulocyte lineage. To elucidate the role of STAT5A/B in GM-CSF-mediated granulopoiesis and to understand the underlying mechanisms, we have analyzed granulopoiesis in mice with deletion of the Stat5a/b locus in all blood cells. In addition, purified granulocyte-macrophage progenitors (GMPs) were analyzed in vitro to define cell proliferation and survival in the presence and absence of STAT5A/B, also by time-lapse microscopy and long-term single cell tracking.
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Materials and Methods
Generation of mice with a deletion of the Stat5a/b locus in hematopoietic lineages
Mice in which the locus encoding the Stat5a and Stat5b genes had been targeted with loxP sites (Stat5 f/f mice) 26 were crossed with transgenic mice expressing the Cre recombinase gene under the control of the Mx1 gene promoter 27 . Stat5 f/f :Mx1-Cre mice in the C57BL/6NCr congenic strain were used throughout this study. The Mx1-Cre transgene was activated through PolyIC (i.p. injection) as described 27 .
Genotyping was performed by polymerase chain reaction (PCR) using genomic DNA and following 
Hematological data
Peripheral blood from retro-orbital puncture was collected in heparinized capillary tubes (Drummond Scientific Co., Broomall, USA) and complete blood counts (CBC) were determined (HEMAVET HV950FS, Drew Scientific, Dallas, USA). 5-fluorouracil (250mg/kg) was injected intraperitoneally and the CBC was measured every 3 days. To observe the in vivo cytokine response, either G-or GM-CSF (both 50µg/body weight-kg/day) were injected subcutaneously for 5 days and CBC was measured every day. The data were shown as normalized ratio using 
Colony-formation assay of GMPs
300 GMPs were cultured in MethoCult M3234 (StemCell Technologies), supplemented with either G-or GM-CSF (both 10 ng/mL; Peprotech) at 37 °C, 5% CO 2 for 8 days and microscopically scored. Cell numbers of colonies after 7 and 8 days for G-and GM-CSF culture, respectively, were determined by picking individual colonies and microscopically counting living cells with trypan blue exclusion.
Functional analysis of neutrophils
For migration assay, PBS (control) or 4% thioglycollate (TGA) (Sigma) was injected intraperitoneally.
After 4 h, the percentage of neutrophils in peritoneal lavage was scored by May-Gruenwald-Giemsa staining. Neutrophils were isolated from BM using biotinylated anti-Gr-1 antibody, anti-rat IgG MicroBeads (Miltenyi Biotec, Auburn, USA) and LS Columns (Miltenyi Biotec). The purity was always >94%. Phagocytic activity of BM derived neutrophils was assayed by incubating 5x10 4 
Time-lapse imaging
GMPs from Stat5 f/f orStat5 f/f :Mx1-Cre mice were cultured in SFEM, 10% FBS and 20 ng/mL GM-CSF in one 24-well dish applied with a Culture-Insert (IBIDI, Martinsried, Germany). Time-lapse imaging was
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From performed with a CellObserver system (Zeiss, Göttingen, Germany) at constant 37 °C and 5% CO 2 . Phase contrast images of each position were taken every 2.5 min with a 10x Neofluar objective (Zeiss) and an AxioCamHRm camera (at 1388x1040 pixel resolution) with Zeiss AxioVision 4.5 software.
Single cell tracking
GMPs and their progeny were tracked with the software TTT as described 29, 30 until the fate of all progeny in the fifth generation was determined.
Affymetrix microarray
After starvation, GMPs were stimulated for 3 h with GM-CSF (100 ng/mL) or left unstimulated. Total (Table S3) . Potential STAT5A/B-regulated genes were identified by comparing genes that were up-or downregulated in control GMPs upon GM-CSF stimulation, but were unchanged (within the 2-fold range) in STAT5A/B mutant GMPs. Hierarchical average linkage clustering of the statistical significant gene list (853 probes) was performed using the Euclidean distance by Partek Pro software.
For the heat map, the mean values of each individual probe set were normalized according to the standard score calculation. The microarray analysis was performed with three independent biological sample sets.
Statistical analyses
Statistical significance was determined by Student´s T test (two tailed, unpaired/unequal variances), except for microarray analyses.
Results
Highly Efficient Conditional Deletion of the Stat5a/b Locus in Hematopoietic Cells
To explore the function of STAT5A/B in the development of the granulocyte lineage, the mouse Stat5a/b locus was deleted in all hematopoietic lineages using Cre-mediated recombination. Stat5 f/f :Mx1-Cre mice carried a Mx1-Cre transgene 27 and two Stat5a/b floxed alleles 26 . The Mx1-Cre transgene was induced by PolyIC and Stat5a/b deletion occurred in cells carrying interferon receptors. Importantly, and in contrast to approaches used in previous studies 3, 22, 23 , this allows the reliable complete deletion of STAT5A/B without residual STAT5A/B activity. Cre-mediated deletion of the Stat5a/b locus was essentially complete in BMMNCs and granulocytes (see supplemental data, Figure S1 ). As detailed in Tab.1, the absolute number of peripheral neutrophils in Stat5 f/f :Mx1-Cre mice was decreased by 50%
(P=7E-10) in homeostasis. As expected, Stat5a/b-mutant mice also exhibited anemia and a decrease of white blood cell counts, in particular of lymphocytes (70% decrease), and monocytes (44% decrease).
This demonstrates that STAT5A/B are required for the maintenance of normal steady-state granulopoiesis but not for the establishment of the granulocyte lineage.
Endogenous serum levels of the granulocytic lineage-supporting cytokines G-CSF and GM-CSF, measured by ELISA, showed no significant difference between control and Stat5a/b-mutant mice under steady-state conditions at 14 weeks after PolyIC injection. However, the mean G-CSF level in blood was
Mx1-Cre) (mean of three mice per group ± SD, no significant difference). These results indicate that neither neutropenia observed in Stat5a/bmutant mice is due to suppressed G-or GM-CSF productions, nor that aberrant cytokine levels might absorb further defects in granulopoiesis in these mice. This was further supported by the fact that both the total white blood cell count and the neutrophil count in peripheral blood of Stat5a/b-mutant mice was very constant over time, from 3 weeks after PolyIC injection to 15 weeks ( Figure 1A and 1B). Thus, compensatory effects do not emerge in these mice even after several month of hematopoietic Stat5a/b deletion.
Stat5a/b-Mutant Mice display aberrant Granulopoiesis upon Myelosuppression or GM-CSF Treatment
To investigate the role of STAT5A/B in emergency granulopoiesis, we induced myelosuppression in 
Stat5a/b-null Mature Neutrophils Display Normal Function but Lack GM-CSF-Permitted Survival
To determine which STAT signaling pathway was stimulated by GM-CSF in mature neutrophils, 
org From significant differences in migration, phagocytic activity or superoxide production were observed between control and Stat5a/b-null neutrophils ( Figures 2B, C and D) . In the absence of cytokines, the viability of both control and Stat5a/b-null neutrophils was reduced by 50% after 36 h ( Figure 2E ). As expected, virtually all cells from control animals survived for 36 h in the presence of G-CSF or GM-CSF.
However, only 65% of Stat5a/b-null neutrophils survived in the presence of GM-CSF, whereas there was no increased cell death in mutant neutrophils in the presence of G-CSF ( Figure 2E ). Therefore, GM-CSF permits the survival of mature neutrophils via STAT5A/B signaling. (Figures 2A and 3B) , minimizing the possibility that the defects appeared due to inappropriate activity of other STATs.
Next we determined the functionality of Stat5a/b-null GMPs and to what extent STAT5A/B controlled GM-CSF-induced colony-forming potential of GMPs ( Figure 3C-E) . In the presence of GM-CSF, the numbers of Stat5a/b-null colonies were reduced by more than 50% ( Figure 3D ). Moreover, the average cell number of a Stat5a/b-null GMP-derived colony was only 11% of that from control GMPs ( Figure 3E ). In contrast, no difference in colony formation was seen between control and Stat5a/b-null GMPs in the presence of G-CSF ( Figure 3D and 3E).
Impaired GM-CSF-induced Proliferation and Enhanced Cell Death of Stat5a/b-null GMPs
The reduction in GM-CSF-dependent number and size of colonies from GMPs could be explained by defects in cell survival, proliferation or combinations of both during differentiation. To define the precise cell behavior of GMPs during their differentiation induced by GM-CSF through STAT5A/B, constant observation of the development at the single cell level is required 34, 35 . Therefore, we performed timelapse microscopy and single cell tracking experiments (Figure 4 , Video S1), a technology allowing the constant observation of individual GMPs and all their progeny throughout a developmental program 36 .
Analysis of several hundreds of GMPs and their progeny during culture with GM-CSF up to the fifth generation revealed increased cell death in the Stat5a/b-null GMPs, successively increasing from the F1 through the F4 generation (5%, 18%, 24% and 24% in generation F1 through F4, respectively, Figure 4B , Video S2). Negligible cell death events occurred during development of control GMPs. In addition to increased cell death in Stat5a/b-null cells, their generation times were significantly longer in every generation compared to control cells (16%, 35%, 37% and 31% longer in generation F1 through F4, respectively, Figure 4C ). While STAT5A/B are not essential for the establishment of the granulocyte
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From lineage and the generation of GMPs, they are indispensable for GMPs and their progeny to respond to GM-CSF. The inability of Stat5a/b-null GMPs to form bona fide colonies is due to two intrinsic defects, impaired cell proliferation and cell survival.
STAT5A/B Regulate Genes for Survival and Proliferation in GMPs
To address potential mechanisms permitted by STAT5A/B to regulate proliferation and survival of the granulocyte lineage, we performed microarray-based gene expression profiling of GMPs from studies. However, since the truncated STAT5A/B in these mice has functional activity 24, 37 , results from these studies need to be viewed with caution. An increase of peripheral neutrophils was found in homeostasis in these mice 22 . However, the neutrophil increase was not intrinsic to the loss of STAT5A/B in the granulocyte lineage, but was a secondary effect from an unexpected compensatory overproduction of G-CSF by liver endothelial cells 22 . The mechanism of the enhanced G-CSF production was linked to an inhibitory STAT5B effect on these endothelial cells. As a consequence of the high G-CSF serum levels both mature neutrophils and bone marrow-derived GMPs were increased, indicating that G-CSFpermitted granulopoiesis was largely unaffected by the Stat5 ∆ N mutation 22 . However, only when Stat5 The role of STAT3 in granulopoiesis is controversial. The deletion of STAT3 results in an increase of peripheral neutrophils, which seems to be caused by enhanced survival of neutrophils 42 .
STAT3 activates SOCS3, a negative regulator of granulopoiesis 15 , and studies postulate a negative feedback function of STAT3 in granulopoiesis. In Stat3-mutant mice an enhanced ERK1/2 activation was detected in steady state and upon G-CSF stimulation that seemed to be responsible at least in part for the enhanced neutrophil levels in these mice 42 . On the other hand, mice with G-CSF receptor mutants that cannot signal via STAT3 nor STAT5A/B, show severe neutropenia, which can be rescued by constitutive active STAT3 overexpression indicating a vital positive role of STAT3 in granulopoiesis 18 .
The contribution of alternative pathways other than the STAT pathway in granulopoiesis is very likely, Epidermal growth factor pathway substrate number 8 (Eps8) had been linked to cell proliferation and survival 46 and enhances epidermal growth factor-dependent mitogenic signals. NIMA-related expressed kinase 6 (Nek6) and other NEK family members contribute to the orchestration of mitotic progression and protect cells from chromosome instability 47 . Nephroblastoma overexpressed (Nov) / CCN3 has been linked to self-renewal and maturation of hematopoietic cells 48 . Down-regulated genes by GM-CSF stimulation in control but not in Stat5a/b-null GMPs included regulator of G-protein signaling 2 (Rgs2), which has been implicated as a potential proto-oncogene involved in leukemogenesis, and that is widely expressed in human AML, acute lymphoid leukemia and acute phase chronic myelogenous leukemia samples 49 . Although these genes respond to GM-CSF through STAT5A/B, their specific contribution to proliferation and survival of GMPs has yet to be determined. 
